Abstract. New radiative lifetime measurements performed with time-resolved laser spectroscopy for the 6p 1/2 and 6p 3/2 levels of La III provide a unique opportunity for testing the adequacy of the relativistic Hartree-Fock approach for atomic structure calculations in this ion. As a consequence of the comparison, an extensive set of accurate f -values is provided for many La III and Lu III UV and visible transitions of astrophysical interest.
Introduction
Rare-earth elements are important in astrophysics in relation to nucleosynthesis and star formation. They are observed in A stars, particularly in the Cr-Eu-Sr subgroup of the Ap stars, and also in Am stars. However, their detection in the stellar spectra is frequently hindered by the fact that they appear under the form of many medium or weak intensity lines which are blended with contributions originating from the most abundant elements, particularly those of the iron group. In view of the frequent lack of atomic data for accurately predicting the intensity of the lines, the lanthanides are usually identified in Bp or Ap stars using statistical methods (see e.g. Cowley 1976 , Cowley et al 1977 , Cowley and Henry 1979 . Accurate atomic data, and particularly oscillator strengths, are thus welcome to refine the line identifications in many stars. According to the well known odd-even pattern, La (Z = 57) and Lu (Z = 71) are expected to be less abundant than those lanthanides that are characterized by even atomic numbers although they have been observed in many stellar objects (see e.g. Jaschek and Jaschek 1995) . The doubly ionized rare-earth elements have been considered comparatively less in the literature than the neutral or singly ionized species. A summary of the present state of the art regarding the energy level values has been presented recently by Wyart (1995) . In stars with strong rare-earth lines, they are, however, generally expected to also be observed, as pointed out by e.g. Ryabchikova et al (1990) . As an example, some of these ions have been identified recently in the red spectrum of the Przybylski star (Cowley and Mathys 1998) .
La III and Lu III are characterized by a simple atomic structure with only one outer electron (without or with a full 4f 14 subshell appearing in the core). The calculations of transition probabilities are thus expected to be accurate, provided relativistic effects and core-polarization effects are properly taken into account. Up to now the transition probabilities available for La III were only obtained by semi-empirical or purely theoretical approaches (Glushkov 1992 , Sen and Puri 1989 , Migdalek and Wyrozumska 1987 , Migdalek and Baylis 1979 , Lindgard and Nielsen 1977 . However, the results of measurements of ratios of line intensities in doublets of the principal series of La III were reported by Kunisz et al (1968) . In Lu III, only two theoretical works have been published so far (Migdalek 1980 (Migdalek , 1982 . The feasability of accurate lifetime measurements of doubly ionized rare earths at the Lund Laser Centre (LLC) using time-resolved laser spectroscopy provides a unique opportunity for testing the adequacy and the accuracy of the physical models retained for the calculations. The purpose of this work is to present a new set of theoretical oscillator strengths for the La III and Lu III transitions of astrophysical interest. The core-polarization effects (which are expected to be important) and configuration-interaction effects (which play a more marginal role) have been introduced in the calculations. This work is part of a general programme of investigation of the transition probabilities of the first ionization degrees of the rare-earth elements for their incorporation in DREAM (database on rare-earths at Mons University) which is being created for the benefit of the astrophysicists. The detailed results will be accessible on the site http://www.umh.ac.be/∼astro/dream.shtml.
Lifetime measurements
During the past few years, time-resolved laser spectroscopy has been used extensively at the LLC and has been able to provide the astrophysicists with many new and accurate radiative lifetimes and transition probabilities (Berzinsh et al 1997a ,b, Biémont et al 1998a ,b, 1999 . The radiative lifetime measurements in La III have been performed using that technique. Free La 2+ ions were produced in a laser-induced plasma and selective excitation was obtained with narrow bandwith (1 ns) pulses produced by a tunable laser. Lifetime values were evaluated from the time-resolved signals collected by a fast detection system. The system incorporates a Brillouin-scattering cell where light pulses of 10 ns duration emitted from a conventional Nd:Yag laser are shortened to 1 ns before pumping the dye laser that provides the wavelength-tunable radiation used for excitation. Laser-photon energies sufficient to study energy levels up to around 70 000 cm −1 can be conveniently produced using frequency-mixing crystals. The full details of the experiment will be provided in a forthcoming publication (Li and Jiang Zhankui 1999) .
Calculations
The theoretical approach considered in this paper is the well established relativistic HartreeFock (HFR) technique described by Cowan (1981) in which we have incorporated corepolarization effects. This method has been shown adequate for accurately predicting radiative lifetimes in complex configurations like those met in Yb II Quinet 1998, Biémont et al 1998b) or Lu II (Quinet et al 1999) . The core-polarization effects were considered using the expression of the core-polarization potential, V P , deduced from the work of Migdalek and Baylis (1978) . In the case of the one-valence-electron systems investigated in our work, this potential can be written as follows:
There is a corresponding change to the radial matrix element of the length form of the line strength: the integral
has to be replaced by
A further correction, introduced by Hameed and co-workers (Hameed et al 1968 , Hameed 1972 to allow for a more accurate treatment of the penetration of the core by the valence electron, corresponds to adding to the integral
in (3) the core-penetration term
The estimate of the core-polarization contributions requires knowledge of the dipole polarizability of the ionic core, α d , and the cut-off radius, r c . For the first parameter, we have used the values of the static dipole polarizabilities computed by Johnson et al (1983) for La IV and by Fraga et al (1976) for Lu IV, i.e. α d = 7.67 and 5.20 a 3 0 , respectively. The cut-off radii, r c , have been chosen to be equal to 1.79 a 0 (La III) and 1.39 a 0 (Lu III) which correspond to the HFR average values r for the outermost core orbitals (5p 6 ). The configuration sets retained for the calculations were ns (n = 6-10), nd (n = 5-10), ng (n = 5-10) (even parity) and np (n = 6-10), nf (n = 4-10) (odd parity) for La III and 4f 14 ns (n = 6-10), 4f 14 nd (n = 5-10), 4f 14 ng (n = 5-10) (even parity) and 4f
14 np (n = 6-10), 4f 14 nf (n = 5-10) (odd parity) for Lu III. Although introduced in the calculations, configuration interaction is expected to play a minor role here. In addition, the average energies, E av , and the spin-orbit parameters, ζ nl , were adjusted with a leastsquare optimization procedure minimizing the discrepancies between the calculated and the experimental energy levels compiled by Martin et al (1978) . Tables 1 and 2 show the weighted oscillator strengths, gf (g being the statistical weight of the lower level of the transition), and radiative transition probabilities, gA (g being the statistical weight of the upper level of the transition), as calculated in this work for UV and visible transitions in La III and Lu III, respectively. Only transitions characterized by a wavelength shorter than 1 µm and a gf -value larger or equal to 0.001 are reported in the tables. Our results are also compared with the gA-values previously published.
Results and discussion
For La III, Migdalek and Wyrozumska (1987) have reported oscillator strengths obtained using the relativistic model-potential approach in three different versions: a model-potential without valence-core electron exchange but with core-polarization included (RMP + CP), with semiclassical exchange and core-polarization (RMP+SCE+CP) and with empirically adjusted exchange and core-polarization (RMP + EX + CP). The results obtained in the latter approach are compared in table 1 with our calculated gA-values for the 17 lines common to both works and belonging to the 6s-6p, 5d-6p, 5d-5f, 5d-6f, 6p-6d and 6p-7d transition arrays. An excellent agreement (within 10%) is observed between both sets of results if we except the 5d-5f and 6p-7d transitions for which the discrepancies appear somewhat larger (∼20%). We also notice that our results are systematically larger than the Migdalek and Wyrozumska data for the nd-n f arrays while they are smaller for the ns-n p and np-n d arrays. Our new results considerably extend the set of transitions for which f -values are now available. a Deduced from the experimental energy levels compiled by Martin et al (1978) . Wavelengths are given in air above 2000 Å and in vacuum below that limit. b From Migdalek and Wyrozumska (1987) : model potential approach with empirically adjusted exchange and core-polarization included (RMP + EX + CP).
In the case of Lu III, our results are compared in table 2 with the transition probabilities computed by Migdalek (1982) using the relativistic model-potential including the corepolarization effects in two different approaches. In the first one (RMP-CP Ia), the corepolarization potential and the corrected dipole radial integral, expressed by equations (1) and (3) of this work, were used with the value of the core polarizability computed by Fraga et al (1976) was used as determined by Migdalek (1980) by matching core-polarization-corrected valence electron energies to experimental ionization energies. The agreement between our results and those obtained by Migdalek (1982) is rather good (within 20%), our gA-values being generally between the RMP-CP Ia and the RMP-CP Ib results published by this author. In fact, if we except the two transitions at 972.66 Å (6s 1/2 -7p 3/2 ) and 1056.53 Å (5d 3/2 -7p 1/2 ) for which large discrepancies are observed, we found, for the mean ratio gA (this work)/gA (Migdalek) , the values 0.978 ± 0.088 (RMP-CP Ia) and 1.064 ± 0.080 (RMP-CP Ib), the uncertainties corresponding to one standard deviation from the mean.
Experimental and calculated radiative lifetimes obtained in this work for the 6p 1/2,3/2 levels of La III are reported in table 3 where they are compared with previous theoretical results. It is worth mentioning that our HFR + CP lifetimes are in excellent agreement (1-5%) with the measurements (accurate at about 10%). This theoretical-experimental agreement, on the one hand, and the fact that, on a theoretical basis, the model adopted is expected to accurately describe the 'simple' configurations considered in this work, on the other hand, imply that our new sets of transition probabilities for La III and Lu III are probably accurate to between 5-10%. The experimental results reported in this work are also in favour of the RMP+EX+CP approach of Migdalek and Wyrozumska (1987) for La III. Concerning Lu III, the comparison of the different sets of theoretical values in table 3 shows that the agreement with our results is better when adopting the RMP-CP Ia approach of Migdalek (1982) . The transition 
